The effects of crossed electric and magnetic fields on the electronic and exciton properties in semiconductor heterostructures have been investigated within the effective-mass and parabolic band approximations for both bulk GaAs and GaAs-Ga 1−x Al x As quantum wells. The combined effects on the heterostructure properties of the applied crossed electric/magnetic fields together with the direct coupling between the exciton center of mass and internal exciton motions may be dealt with via a simple parameter representing the distance between the electron and hole magnetic parabolas. Calculations lead to the expected behavior for the exciton dispersion in a wide range of the crossed electric/magnetic fields, and present theoretical results are found in good agreement with available experimental measurements.
A detailed knowledge of the optical properties of semiconductor heterostructures is of paramount importance for possible device applications. In that respect, the study of exciton properties in those systems is of great interest as such coupled electron-hole (e − h) excitations, which arise from the e−h Coulomb interaction, may considerably modify the interband optoelectronic properties of semiconductor heterostrutures. When the electron and hole carriers are confined in the same region of the direct space and in the same point of the inverse k-space, the exciton is called a direct exciton; alternatively, if the carriers are confined in different regions of the direct space and/or in different points of the inverse k-space the exciton is termed as an indirect exciton. Work on exciton properties have been recently performed both experimentally [1] [2] [3] [4] and theoretically [5] [6] [7] [8] [9] [10] [11] [12] . Luminescence measurements in GaAs-Ga 1−x Al x As double quantum wells (QWs) under inplane magnetic fields [1, 2] have concluded that the dominating radiative recombination of localized indirect excitons does not allow one to observe the quenching of the spatially indirect exciton luminescence and the quadratic shift of their energy under in-plane magnetic fields, with the consequence that the possibility of an exciton dispersion engineering would then be limited in these kinds of samples.
Combined theoretical and experimental studies from Ashkinadze et al [11] for the effect of an in-plane magnetic field on the photoluminescence (PL) spectrum of modulation-doped heterostructures have suggested that there are remarkable spectral modifications of the PL spectra in both modulationdoped QWs and high-quality heterojunctions, due to Binduced modifications in the direct optical transitions in QWs, and effects on the free holes in heterojunctions, respectively. Also, studies [12] on the magnetic-field effects on indirect excitons in coupled GaAs-(Ga,Al)As QWs reveal that the exciton effective mass is enhanced as the growth-direction magnetic field increases and, at high fields, it becomes larger than the sum of the e and h masses, suggesting that a magnetoexciton is an excitation with effective mass determined by the coupling [5] between the exciton center of mass (CM) motion and internal structure rather than by the masses of its constituents. A recent theoretical calculation [12] suggest that the inclusion of both the effects of the finite-width barrier and well confining potentials as well as of the appropriate electronic band structure could be important for a realistic description of experimental results.
The aim of the present work is to study the magneto-Stark effect for confined excitons in single GaAs-Ga 1−x Al x As QWs. The magnetic field B is taken as perpendicular to the growth direction of the heterostructure, whereas the applied electric field E is along the z-growth direction. Here, for simplicity, we will work within the effective-mass and nondegenerateparabolic band approximations. The Hamiltonian for the exciton may be written aŝ
where e and h stands for electron and hole, respectively, A i = A( r i ) are the vector potentials associated to the magnetic field,ˆ p i and m * i are momentum operators and effective masses, respectively, the V i are the confining potentials, q = −e for electrons and +e for holes, where e is the absolute value of the electron charge, ε is the dielectric constant, and r = r e − r h is the relative electron-hole position. The above mentioned parameters for bulk GaAs and Ga 1−x Al x As barrier were taken at low temperatures from the data collected by Li [13] . For the dielectric constants and electron and heavy-hole effective masses, we have considered the same values as in GaAs throughout the heterostructure [14] .
As the heterostructure is grown along the z direction, the Schrödinger equation with the above Hamiltonian is invariant under simultaneous translation of both the e and h coordinates parallel to the (x, y) plane and the corresponding gauge transformation, which leads to the conservation of thê P = (P x ,P y ) transverse components of the exciton CM magnetic momentum [5, 12] . By choosing the in-plane applied magnetic field along the x direction, B = B x, using the Landau gauge A( r) = −zB y, and a crossed electric field in the growth direction, E = −E z, one may write the common eigenfunctions of bothĤ andˆ P as
where R is the in-plane exciton CM coordinate, ρ is the inplane internal exciton coordinate, and Φ( ρ, z e , z h ) is the eigenfunction ofĤ
where, by considering the translational invariance in the (x, y)
with F = e E, and eigenvalue
where η, α = 0, 1, 2, 3... are the Landau magnetic subband in-
eB is the Landau magnetic length (or cyclotron radius), µ is the e − h reduced mass, z 0 e,h are the noncorrelated e and h orbit-center positions along the growth direction, and ω e,h are the corresponding cyclotron frequencies. Note that
represents the spatial distance between the centers of the noncorrelated electron and hole magnetic parabolas [5] . The above result for the non-correlated e − h pair allows one to obtain the ground-state exciton energy via a variational procedure with a hydrogenic-like 1s-like type of trial envelope exciton wave function. Details of the calculations will be published elsewhere [15] . We will first present the theoretical results for bulk GaAs. Fig. 1 displays the heavy-hole exciton binding energy E b , the e − h overlap integral I overlap , and the average e − h distance z e − z h along the growth direction. As one can see from Fig. 1(a) and 1(d) , the exciton binding energy is a decreasing function of both ∆ and E, for each value of B. These results may be understood as follows: As in the bulk the noncorrelated electron and hole oscillate around the points z 0 e and z 0 h , respectively, and the binding energy is determined by the e − h attractive Coulomb interaction, which tends to zero with the e − h distance, it is obvious that E b must diminish with increasing ∆ and applied electric field E ∼ B 2 ∆ [see eq. with K y = 0], for a fixed value of the magnetic field. As expected [16] , the present calculations for ∆ = 0 and E = 0 show an increase in the exciton binding energy with increasing values of the magnetic field, i.e., with increasing confinement associated to the magnetic field. Note in Fig. 1(a) that E b decreases with increasing values of the magnetic field for relatively high (fixed) value of ∆. This behavior is due to the increasing confinement of the electron and hole around their corresponding equilibrium positions as the magnetic field increases, for a given value of ∆. The e − h overlap integral as a function of ∆ and of the growth-direction applied electric field E ∼ B 2 ∆ (when K y = 0) is shown in Figs. 1(b) and 1(e) , respectively, for various values of the applied in-plane magnetic field. The rapid decrease of I overlap with ∆ and E observed in each curve of Figs. 1(b) and 1(e) is due to fact that the e − h distance in the z-direction increases with ∆. Results for the calculated z e − z h average e − h distance in the z-direction [Figs. 1(c) and 1(f)] are as follows: As shown, z e − z h = 0 for ∆ = 0 and E = 0 for a finite value of the magnetic field, [11] .
which may be traced back to the even symmetries of the zfunctions involved in the calculations of z e − z h . Note that, as z 0 e and z 0 h are, respectively, the oscillation centers of the non-correlated electron and hole in the bulk, it is obvious that z e − z h = z 0 e − z 0 h = ∆ for the non-correlated e − h pair, and z e − z h < ∆ [see full curves in Figs. 1(c) and 1(f) ] for the correlated pair due to the fact that the Coulomb force between the electron and the hole is attractive. Second, because this force tends to zero as ∆ → ∞, it is evident that z e − z h → ∆ in the limit of high ∆ [see full curves in Fig. 1(c) ]. As shown in Fig. 1(f) , z e − z h increases with E, for a given value of B, because ∆ increases with the growth-direction applied electric field. As also shown in Fig. 1(f) , z e −z h is a decreasing function for increasing values of B, for a fixed value of the electric field, as ∆ decreases with increasing values of the magnetic field. Figure 2 , for GaAs-Ga 0.7 Al 0.3 As QWs of different L well widths, shows the present results on the exciton states in the presence of an externally applied growth-direction electric (E) and in-plane magnetic (B) fields. Results are for the heavyhole exciton binding energy as a function of the spatial distance (∆) between the centers of the electron and heavy-hole magnetic parabolas, for GaAs-Ga 0.7 Al 0.3 As QWs of different well widths (L), and for various values of the applied magnetic field. As the fundamental purpose of our discussion is to study the QW barrier-potential effects on the ∆-dependence of the E b exciton binding energy, we first note that the results depicted in Fig. 2(d) , for an L = 500Å GaAs-Ga 0.7 Al 0.3 As QW, are essentially the same as those displayed in Fig. 1(a) for bulk GaAs. This is the result expected for finite values of ∆ and sufficiently wide QWs. Another expected result, clearly seen in Figs. 2(a), (b) , and (c), is the increase of E b as L decreases. Also, one should notice that as the QW width decreases, the E b exciton binding energy tends progressively towards a slowvarying function of ∆, so that it becomes essentially flat for L = 50Å and for the lowest magnetic fields considered [in which case l B >> L/2; see Fig. 2(a) ]. This result may be understood if one takes into account that for l B >> L/2 and z 0 h,m = z 0 e,m − ∆ localized inside the QW, the effect of the magnetic field is weak and the exciton binding-energy structure is essentially dominated by the barrier confining potential.
In Figure 3 , we present our results for the PL peak energy for an L = 200Å GaAs-Ga 0.7 Al 0.3 As QW, as a function of the in-plane applied magnetic field, for K y = 0, and different values of the growth-direction applied electric fields, i.e.,
where E b corresponds to the GaAs band-gap energy. For a fixed value of B (see the different curves in Fig. 3 ) and increasing values of the applied electric field, one has a decrease in the e − h binding energy as the polarization of the e − h wave function increases, and a decrease in the energies of the e − h non-correlated pair. These two effects lead to a blueshift or a red-shift, respectively, of the PL peak energy. As the width of the GaAs-Ga 0.7 Al 0.3 As QW is quite large (L = 200Å) the decrease in the energies of the e − h non-correlated pair (under growth-direction applied electric fields) is clearly the dominant effect, and one should obtain a red-shift effect on the PL peak for fixed values of the magnetic field and increasing strengths of the applied electric field. On the other hand, for a fixed value of the growth-direction electric field, increasing confining effects with increasing values of the applied magnetic field lead to an increase in the e−h overlap and to a larger exciton binding energy, and would result in a redshift of the PL peak energy. Of course, again there is a competing effect from the increase in the energy of the e − h noncorrelated pair due to the magnetic-field effects on the electron and hole Landau electronic states, and this effect is the dominant one as the value of magnetic field increases, which leads to a blue-shift of the PL peak energy, as expected. In the inset of Fig. 3 , the present theoretical results are compared with fair agreement with recent experimental data [11] . Of course, for high values of the applied magnetic field, a reliable calculation should involve a more realistic type of wave function which would appropriately take into account magnetic-field induced anisotropic effects. Summing up, in the present work we have considered the combined E − B field effects on the excitonic correlated e − h pair for both bulk GaAs and GaAs-Ga 1−x Al x As QWs. Calculations have been made via a variational procedure in the effective-mass and parabolic-band approximations. The combined effects on the heterostructure properties of the applied crossed electric/magnetic fields together with the direct coupling between the exciton CM and internal exciton motions were appropriately taken into account via a simple parameter representing the distance between the electron and hole magnetic parabolas. Finally, present calculations were shown to lead to the expected behavior for the exciton dispersion in a wide range of the crossed electric/magnetic fields, and theoretical results were found in good agreement with recent experimental measurements by Ashkinadze et al [11] .
